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ABSTRACT

Wasel, Ola. MS, Purdue University, August 2018. Investigating the Effects Of Cobalt And Nickel
Mixtures On Tungsten Toxicity In Zebrafish (Danio Rerio). Major Professor: Jennifer Freeman
Tungsten (W) is a refractory metal that is used in a wide range of applications. Initially perceived
as immobile in the environment, tungsten replaced lead and uranium in munition and military
applications. Recent studies report movement and detection of tungsten in soil and potable water
sources increasing the risk of human exposure. In addition, experimental research studies observed
adverse health effects associated with exposure to tungsten alloy, raising concerns on tungsten
toxicity with questions surrounding the safety of exposure to tungsten alone or in mixtures with
other metals. Tungsten is commonly used as an alloy with nickel (Ni) and cobalt (Co) in many
applications to adjust hardness, thermal, and electrical conductivity of tungsten products. In this
study, the zebrafish model was used to assess the effect of Co and Ni on W toxicity. First, zebrafish
embryos were treated immediately after fertilization with either W, Co, or
Ni, then survivability was monitored every 6 hours till 120 hours post fertilization (hpf). A
concentration with no effect on survival was then used to study the interaction of the mixture.
Three concentrations of each metal were used to prepare the mixtures. Zebrafish embryos were
exposed to one of the metal combinations immediately after fertilization. The toxicity of the
mixtures was assessed by monitoring the survivability and hatching rates every 6 hours until 120
hpf. Behavioral analysis using the visual motor response test was performed at 120 hpf.
Morphology measurements of body length, head length, head width, and brain length were
recorded of zebrafish larvae from selected mixtures at 120 hpf. Mathematical models were used to
predict the interaction relationship of the W-Ni-Co mixtures and compared to the observed

outcomes. The results revealed that 10,000 parts per million (ppm; mg/L) W, 100 ppm Ni, and 100
ppm Co caused a decrease in survivability. The W/Ni/Co mixture exposure showed that 5,000 ppm
W-based mixtures may have a synergistic interaction on inhibition of the survival rates compared
to control (p<0.05). The 1000 W-10 ppm Co showed acceleration of hatching rates compared to
control at 60 hpf (p<0.05). No significant differences in survival rates were observed with the
exposure to 1000 ppm W-based mixtures. A decrease in locomotor activities of 120 hpf larvae was
observed with the exposure to 10 ppm Co and 10 ppm Co-based mixtures (p<0.05). Morphological
abnormalities were observed in zebrafish exposed to the 1000 ppm W-1 ppm Co mixture at 120
hpf (p<0.05). The results of this study highlight the importance of studying the toxicity of multicomponent mixtures as a single unit and not as individual components. According to the
concentration addition model, the interaction of the lower concentrations of the W/Ni/Co mixtures
is additive but the mixtures did show potential synergistic interaction at high concentrations. The
independent action model revealed that the interaction of the three metals is additive.
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CHAPTER 1: INTRODUCTION

The perceived stability of tungsten (W) in the environment led to its use as a “green bullet”;
however, soon after replacing lead in ammunitions, W began to be detected in soil and ground
water near military sites indicating W’s mobility in soil. The solubility of W in soil depends on the
pH with alkaline soil leading to an increase in the solubility of the W in soil, increasing the
probability of contaminating groundwater (ATSDR, 2005; Emond et al., 2015a, Johannesson et
al., 2013). Other factors can affect solubility of W in soil such as the type of minerals present (Tuna
et al., 2012). Various trends of W adsorption were observed depending on the type of the clay
mineral and pH. Compared to kaolinite and montmorillonite, illite had the lowest adsorption
capacity to monotungstate (Tuna et al., 2012). Therefore, pH and type of clay minerals control the
solubility of W in the soil, which eventually can move into drinking water supplies.
There is currently no limit set for W in drinking water in the United States or by the World Health
Organization (ATSDR. 2005). There are only regulatory limits for occupational W exposure that
are provided by the American Conference of Governmental Industrial Hygienists (ACGIH),
National Institute of Occupational Safety and Health (NIOSH), and Occupational Safety and
Health Administration (OSHA) (EPA, 2008). The United States Environmental Protection Agency
(US EPA) did claim W as an emerging toxicant (EPA, 2008) as a consequence of studies that
reported adverse health outcomes associated with environmental W exposure.
The potential association between W environmental contamination and a childhood cancer cluster
in Churchill County, Nevada brought W toxicity into question and into the spotlight in the period
between 1997 to 2002. The level of W in urine in the population of this county and the
concentration of W in the drinking water (0.25-337µg/l) was reported to be higher than other areas
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(CDC, 2002) Churchill County is located near W mines and military bases, which led to confusion
on whether the cause of elevated W was of natural or anthropogenic sources. Based on the initial
reports, the US Center for Disease Control and Prevention (CDC) completed a study to examine
three other communities in Nevada: Lovelock, Pahrump, and Yerington. These towns were chosen
based on their similarity to Churchill County in mining activity and hydrogeological properties.
During the study, water, dust, and soil from the yard of homes were collected from selected
households and level of W measured. Urine samples were also collected from community
members. The results showed that the level of W in these three counties was elevated according to
the National Health and Nutrition Examination Survey (NHANES) reference population (0.48
µg/L). Also, the results revealed that people of Churchill County may be exposed to higher levels
of W due to the fact that Nevada is naturally rich in W (CDC, 2002). Sheppard et al. (2007)
explained through tree ring analysis that the elevation of W and cobalt (Co) in trees was
coincidental with the onset of the leukemia cases in Fallon County. On the other hand, an article
by Schell and Pardus (2008) pointed to the fact that tree ring W concentrations in Fallon
cottonwoods were between 40,000-70,000 µg/L between 1989 and 2000 and an elevated
concentration (180,000 µg/L) was observed in 2001-2004, indicating that the onset of leukemia
cases occurred before the increase in W levels. These conflicting results raised additional questions
regarding the toxicity of W. Furthermore, a study showed that implanted weapon grade W alloy,
containing 91.1%W, 6% Ni and 2.9% Co, in rats caused formation of tumors around the implant
in 100% of the treated rats after one month of implantation; however, the 100% Ni-implant caused
formation of tumors at a slower rate (Emond et al., 2015a; Kalinich et al., 2005). This study
coupled to the finding in Fallon County, Nevada led to heightened concerns surrounding the
toxicity of W in the absence or presence of other metals.
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1.1. Tungsten: Uses and Routes of Exposure
Tungsten exposure can occur through natural or anthropogenic sources. W is widely used in a
variety of applications based on the unique properties of this metal. W is considered as a refractory
metal since it has the highest melting temperature of all metals. W also has the lowest vapor
pressure, the highest tensile strength at high temperature (over 1655°C), and the lowest coefficient
of expansion compared to all other metals (van der Voet et al., 2007). W is resistant to corrosion
and mineral acids can affect W only slightly at high temperatures (van der Voet et al., 2007). W is
also a good electric conductor. Based on these unique characteristics, W is used in alloy
manufacturing, high speed tools, light filaments, x-ray shielding, welding electrodes, solar energy
devices, and pigment production. The most common form of W is tungsten carbide, which is used
in making cutting tools (ATSDR, 2005).
Exposure to W can be from natural or anthropogenic sources. Occupational exposure occurs via
dust inhalation during mining W metal from the ore and during preparation of tungsten carbide
products. The general population can be exposed through inhalation of W dust in the air or drinking
contaminated water. Water contamination comes from dissolved rocks or through effluent of
mining sites and hard metal industries’ waste, but since W is not regulated in drinking water, W
data in water is limited (ATSDR, 2005). Exposure to W in waste sites through contaminated soil
is also reported (ATSDRA, 2005). It is known that W ions are not metabolized in the body and
that 90% of inhaled W is eliminated in urine after 14 hours of exposure (Keith et al., 2007). W
blood levels has been measured to be 1– 6 µg/L and urine levels is 0.085 µg/L in the general
population. (ATSDR, 2005).Also, W can cross the placenta and transport from mother to fetus
(ATSDR,. 2005).
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Occupational exposure to W during mining processes or hard metal industries is one the most
important routes of exposure via inhalation of W dust (ATSDR, 2005). Higher W concentrations
were detected in lung, blood, and urine of individuals who worked in hard metal plants compared
to individuals who worked in other industries (Rizzato et al., 1986). A study examining workers
who were exposed to W during different tasks of the hard metal industry, showed that the mean
concentration of W in lung is 107 ng/g, 1.35 ng/g in blood, and 12 ng/g in urine; where the levels
in control groups were 1.5 ng/g in lung, 0.4 ng/g in blood, and 0.7 ng/g in urine (Rizzato et al.,
1986). The concentration of W in the air of 15 welding shops in Montréal, Quebec was between
0.15 to 1.50 μg/m3, whereas the urban air W concentration was 0.0052 μg/m 3 (Haddad et al., 1985).
1.2. Tungsten Toxicity
Since one of the primary routes of occupational exposure to W is inhalation, many studies have
used lung cells to assess W toxicity. A study by Laulicht et al. (2015) used immortalized human
bronchial epithelial cells (Beas-2B) and assessed ability of these cells to grow independently on
soft agar to migrate and to induce tumor formation in vivo in the absence and presence of W. Beas2B cells were treated with 0, 50, or 250 µM sodium tungstate (Na2WO4) and after six weeks of
treatment, the cells were incubated in soft agar without Na2WO4. The results revealed that the
number of colonies resulting from control cells (0µM Na2WO4) was significantly lower than
treated cells, indicating the ability of W-treated cells for anchorage-independent growth, an
indicator of tumorigenicity of cells (Laulicht et al., 2015). Tungstate-treated cells were also able
to heal a wound 20 hours after a scratch, indicating the ability of the cells to migrate (Laulicht et
al., 2015).The authors of this study then injected Na2WO4 transformed cells into flanks of sixweek-old female athymic nude mice. After one month of injection, 100% of tungstate-transformed
cells resulted in visible tumors (Laulicht et al., 2015). On the other hand, control cells didn’t induce
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any tumor. RNA-sequencing of isolated colonies revealed that many genes associated with
respiratory tract cancer were altered by tungstate-treatment including upregulation of NADPH
dehydrogenase quinone 1 (NQO1). This result was consistent with other studies that showed the
dysregulation of NQO1 is associated with lung cancer (Bey et al., 2007; Iskander et al., 2008). Sphase kinase-associated protein 2 (SKP2), a gene in which increased expression enhances the
growth of small cell lung cancers, was also upregulated (Yokoi et al., 2002). Furthermore, cyclindependent kinase inhibitor 1A (CDK1A), which encodes the cell cycle regulator p21, was
downregulated. Repression of CDK1A leads to many types of cancers due to inhibition of caspase
activity and apoptosis. Overall, the results of this study showed the carcinogenic potential of W.
In a follow-up study, the authors found that W exposure increased histone methylation of
H3K4me3 and H3K9me2 by causing loss of histone demethylase dioxygenases, JARID1A and
JMJD1A, in BeasB1 cells (Laulicht-Glick et al., 2017). The authors explained that the observed
increase in methylated histones was not due to an increase in methylation, because with a depletion
of S-adenosyl-methionine (SAM), the coenzyme for histone methyltransferase, an increase in
methylated histones was still observed (Laulicht-Glick et al., 2017). In addition, rats exposed to
Na2WO4 in drinking water showed an increase in H3K4me3 and H3K9me2 in livers. The authors
suggested that inhibition of demethylases may be due to proteasome activity leading to degradation
of these enzymes, or by induction of reactive oxygen species (ROS) (Laulicht-Glick et al., 2017).
W was detected in patients’ urine who had a W-based shield in their breasts including patients
with a mastectomy, indicating the mobilization of W into other organs (Bolt et al., 2015). These
results were confirmed in a 66Cl4 cell model and in vivo using female BALB/c mice that were
administered 15 ppm Na2WO4 in drinking water (Bolt et al., 2015). W didn’t enhance proliferation
of 66CL4 cells, but led to lung metastasis following injection of 66Cl4 cells into the fourth
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mammary fat pad (Bolt et al., 2015). The results found that W induced changes that stimulate
metastasis such as activated fibroblasts, matrix metalloproteinases, and myeloid-derived
suppressor cells. The authors suggested that Na2WO4 induced breast cancer metastasis by
changing the microenvironment of the tumor. Taking all of these results together, W has a
carcinogenic potential that should be taken into consideration for regulatory standards.
Furthermore, a study of tungsten oxide (WO3) nanoparticles showed that only an oral dose of 1000
mg/kg of WO3 53.2 nm particles to Wistar rats induced DNA damage, micronuclei formation, and
reduction of glutathione and catalase (Chinde et al., 2017). The authors explained that only a high
dosage of WO3 nanoparticles induced the toxic effects, signifying differential toxicity based on
particle size, which should also be considered.
1.3. Toxicity of Tungsten Metal Mixtures
W is usually used in the form of tungsten carbide (WC)-Co or as an alloy with other metals. WC
is formed by binding W to one carbon atom. WC is used in many applications such as cutting tools
and mining equipment due to its hardness (Srivatsan et al., 2002). W is added to other metals to
increase their hardness and improve their properties. Research studies support increased toxicity
of W when present in a metal mixture. Signs of memory and sensory deficits was reported among
workers in the hard metal industry who were exposed to hard metal dusts consisting of (79-95%)
WC, 10% Co, and small amounts of other metals such as vanadium, chromium, and/ or titanium
(Kaplun et al., 1967; Salikhodzhaev et al., 1962, Lison, 1996). Previously, it was perceived that
Co was the main cause of the adverse health outcomes in hard metal workers (Davison et al., 1983;
Harding, 1950), although tungsten oxide was detected in air of hard metal workplaces indicating
a potential role in lung and neurological effects (Sahle, 1992; Sahle et al., 1994).
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1.4. Tungsten and Cobalt Mixtures
Cobalt (Co) is a natural trace element that is present between nickel (Ni) and iron (Fe) in the
periodic table and shares some of their properties. Co is considered as an essential element since
the body cannot synthesize this element. Co can be used as a treatment of anemia using 0.16-1 mg
Co /kg (ASTDR, 2004). It was reported that Co biomagnifies through the food chain since this
element can accumulate in fruits and grains. People can be exposed to Co by inhalation of Co dust,
or through ingestion of food or drinking water contaminated with Co. High level of exposure
mainly occurs near mining, smelting facilities, and hazardous waste sites (ATSDR, 2005). The
concentration of Co in soil ranges from 1-40 ppm. According to the Agency of Toxics and Disease
Registry (ATSDR), the concentration of Co in drinking water is 1-2 part per billion (ppb) and may
reach 100-1000 ppb in contaminated areas (ATSDR, 2005). After Co enters the body, some is
excreted through feces, but the remaining part is distributed into all tissues and mainly accumulates
in bones, liver, and kidney (ASTDR, 2004). Use of metal-on-metal implants raised big concerns
due to chronic exposure to Co. Animal studies showed that implanted Co particles caused
formation of tumors. According to the International Agency for Research on Cancer (IARC), Co
is considered as possibly carcinogenic to humans (group B2), but Co with WC is considered as
probably carcinogenic to humans (group A2) (Rousseau et al., 2005).
Lombaert et al.,2004 evaluated the apoptogenic potential of Co particles, WC, WC-Co particles,
and cobalt chloride (CoCl2). The authors exposed human peripheral blood mononucleated cells
(PBMC) to 2.0-6.0 µg/ml of Co alone or as WC-Co and 33.3-200 µg/ml WC alone. In their study,
an early apoptotic effect was determined by Annexin V staining after 15 minutes and 6 hours post
exposure (Lombaert et al., 2004). The Annexin V staining is based on determining phosphatidyl
serine on the cell membrane, which indicates the occurrence of apoptosis (Koopman et al., 1994)).
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Macrophages use phosphatidylserine to identify apoptotic cells that need to be removed (Koopman
et al., 1994). Results revealed that the four forms of metals all induced apoptosis. Interestingly, it
has been found that the relative apoptotic activity of CoCl 2 and metallic Co are almost the same.
It was reported that 77% of Co solubilized from metallic Co into the cell-free media after 15
minutes of exposure and complete solubilization was observed after 24 hours (Lombaert et al.,
2004). It also was also shown that WC-Co has differential sensitivity to apoptosis inhibitors
(Lombaert et al., 2004). The percentage of apoptosis inhibition significantly increased after adding
caspase 9-inhibitor, but not caspase 8 to cells treated with WC particles (Lombaert et al., 2004).
On the other hand, the percentage of apoptosis inhibition significantly increased after adding both
caspase 8 and caspase 9-inhibitor to cells treated with Co (Lombaert et al., 2004). This differential
sensitivity to caspase inhibitors suggested different mechanisms by which WC particles and Co
induce apoptosis. Lombaert et al. (2004) observed that WC was internalized by mononuclear cells
and wasn’t solubilized in the media, suggesting phagocytosis mediated apoptosis. Caspase 8 is
involved in the extrinsic apoptotic pathways via death receptors and then induces intrinsic
pathways (Kominami et al., 2012). As concluded by Lombaert et al. (2004) the significant
increases in apoptotic DNA fragmentation after exposure to WC-Co for 24 hours compared to Co,
CoCl2 or WC alone can be attributed to the combined effect of WC and Co. However, relative
apoptosis frequency using Annexin V staining after 6 hours of exposure indicated similar or lower
effect of WC-Co compared to Co and WC, respectively (Lombaert et al., 2004). In 2008, the same
group showed that WC-Co and Co particles had the same responses in upregulating apoptosis and
stress responses and downregulation of immune responses pathways after 24 hours of exposure in
human peripheral blood mononuclear cells (PBMC) (Moche et al., 2014). The authors suggested
that the long period of exposure (24 hour) led to complete solubilization of Co from WC-Co
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particles, which may lead to masking the effect of WC-Co particle itself and showed the effect of
Co ions. Based on these previous results, the authors decided to use a short period of exposure (15
minutes) as a model of exposure to understand the effect WC-Co particles (Lombaert et al., 2013).
Human PBMC were exposed to 6 µg/ml equivalent Co of WC-Co, CoCl 2 or Co particles for 15
min. The results revealed that a cascade of events including p38/mitogen-activated protein kinases
(MAPK) activation, hypoxia inducible factor 1-α (HIF-1α) stabilization, heme oxygenase 1
(HMOX1) transcriptional activation, and p53 stabilization occurred upon exposure to WC-Co or
Co particles only, but not WC alone or CoCl2 (Lombaert et al., 2013). These results indicated that
the toxicity of WC-Co was due to the production of ROS. Other studies showed that stabilization
of p53 occurred as a response of ROS production (Brüne et al., 2003; Chandel et al., 2000). The
effects of Co particles were slower compared to WC-Co particles, thus confirming that WC and
Co interaction caused rapid release of ROS. The same study showed that CoCl2 couldn’t induce
HIF-1α stabilization, but WC-Co and Co particles did induce HIF-1α stabilization (Lombaert et
al., 2013). This can be explained by ROS that induces induction of phosphatidyl inositol 3 kinase
(PI3K), or protein kinase B (Akt) pathways, which induces HIF-1α stabilization (Chachami et al.,
2004; Chandel et al., 2000; Sun et al., 2015). It was reported that Co can be involved in redox
cycling reactions and ROS can be generated by Fenton/Haber-Weiss chemistry (Stohs et al., 1995).
On the other hand, Lison et al. (1995) proposed a mechanism for the interaction of Co and WC
particles in which W particles reduced oxygen using electrons from Co and then produced ROS.
They suggested that Co ions are a product of the interaction, but did not directly cause the
production of ROS (Lison et al., 1995). This mechanism explains why Co ions or tungstate ions
didn’t affect viability of different types of human cells and only WC-Co nanoparticles (10% weight
content Co) caused cytotoxic effects (Bastian et al., 2009). Another possible mechanism explains
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the higher toxic effect of WC-Co nanoparticles compared to either WC or Co alone is that
nanoparticles act as a carrier, which helps ions to penetrate the cell membrane (Limbach et al.,
2007). This mechanism could explain the increase in Co uptake from WC-Co compared to Co
metal alone (Lison et al., 1990). One can conclude that production of ROS may be due to the
synergistic effect of Co ions and interaction of Co and W surface.
However, Busch and coworkers found that gene expression can’t explain the differential toxicity
of WC-Co nanoparticles and CoCl2 (Busch et al., 2010). Their study demonstrated that
immortalized human keratinocytes (HaCaT) treated with WC-Co nanoparticles or CoCl 2 showed
increased transcription of genes involved in the hypoxia pathways compared to WC, emphasizing
the role of Co ions in this response (Busch et al., 2010). Zhang et al. showed that WC-Co
nanoparticles activated nuclear factor erythroid 2-like factor 2 (Nrf2) and its downstream genes
such as glutathione S-transferase (GST) and NQO1 after 24 and 48 h of exposure in mouse
epidermal JB6 cells. After treating the cells with catalase, inhibition of expression of these genes
was observed. This result indicates that ROS was responsible for the activation of Nrf2, GST, and
NQO1 (Zhang et al., 2010). Nrf2 is a transcription factor that regulates the expression of
antioxidants and detoxification enzymes (Zhang et al., 2015). Depletion in glutathione was
observed by WC-Co, indicating generation of oxidative stress (Fenoglio et al., 2008). An
interesting study showed that WC-Co nanoparticles could be used as a positive control of induction
of genotoxicity (Moche et al., 2014).
The size of WC-Co particles plays an important role in the observed effects of exposure as well as
the mechanism of toxicity. In a study using Beas-2B cells to assess toxicity of nano or micro WCCo particles, cells were treated with 0, 10, 100 or 1000 µg/ml for 0, 0.5, 1, 2, 6, 12 or 48 hr and
cell viability using the MTT assay, a colorimetric assay to determine metabolic activity, Annexin-
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V apoptosis, and oxidative stress were determined (Armstead et al., 2014). The results revealed
that exposure to WC-Co particles led to a decrease in the viability of the cells compared to control.
Also, it was observed that the cell viability for nanoparticle-treated cells was lower than cells
treated with microparticles at all exposure periods except at 48 hr. This result can be explained by
increasing the number and surface area of nanoparticles, which increases the toxicity of the
particles. Also, the oxidative stress increased as the concentration of the particles increased. A
significant increase in oxidative stress was observed when cells were exposed to 1000 µg/ml of
WC-Co particles. Dose-dependent induced apoptosis was observed after exposure to WC-Co
particles, but a significant increase compared to control was only observed after exposure to 1000
µg/ml. This study suggested that apoptosis induced by exposure to WC-Co particles may
contribute to hard metal lung disease (HMLD) progression and lung cancer. The study also
indicated that a possible mechanism of toxicity of nano WC-Co particles is the internalization of
the particles, which may explain the hard metal deposits present in lungs in HMLD. Rengasamy
et al. (1999) found that intratracheal instillation of hard metal that contains Co, chromium, and Fe
leads to edema, fibrin formation, and induction of pulmonary inflammation and increased nitric
oxide production via changes in nitric oxide synthase pathways.
The size of WC-Co particles was examined by Ding et al. (2009). They treated JB6P+ cells with
nano (80 nm) and fine-sized (4 µm) particles. The results showed an increase in activation of
transcription factors including activator protein (Ap-1) and nuclear factor kappa-light-chainenhancer of activated B cells (Nf- κB), MAPK signaling pathways, and a decrease in glutathione
(GSH) levels with nano-sized WC-Co treatment compared to fine size, suggesting that higher
oxidative stress was produced with exposure to nano WC-Co particles (Ding et al., 2009). These
results are consistent with Zhao and coworkers who found that WC-Co nanoparticles stimulated
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more ROS production and induced extrinsic and intrinsic apoptotic pathways compared to fine
particles in rat JB6 cells (Zhao et al., 2013). Even within the nanoscale, differential modes of
action were seen. It was observed that WC particles (mean size=113±2 nm) induced the formation
of ROS and micronuclei, indicating chromosomal instability, in HepG2 and HaCat cells; however
WC or WC-Co particles (mean size= 145±5 nm) didn’t induce ROS generation or genotoxicity
(Kuhnel et al., 2012). The authors explained the increase in ROS production was due to the
increased surface area of smaller WC particles. This study concluded that the toxicity of the
particle doesn’t depend on presence or absence of Co, but mainly on the size of the particles
(Kuhnel et al., 2012). The different processes of production may affect the toxicity of WC particles.
The latter study pointed to the presence of carbon black in the WC nanoparticles (Kuhnel et al.,
2012). Carbon black is a possible carcinogen to humans based on IRAC classification and may
contribute to the genotoxicity potential of WC particles (IRAC, 2010). These results highlight the
importance of taking production processes into consideration, while studying the toxicity of WC
nanoparticles as well as other factors such as size and composition.
Despite all of these previous studies that show the potential toxic effects of WC-Co particles, a
study showed that nano-WC-Co coating may lead to a better environmental impact compared to
chromium coating (Wigger et al., 2017). This study used life cycle analysis to compare WC-Co
coating and chromium coating. The authors not only focused on the toxicity during production,
but emphasized the overall effects of WC-Co in the environment, such as energy demand, metal
depletion, and freshwater eutrophication.
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1.5. Tungsten, Cobalt and Nickel Mixtures
Studies showed that W/Ni/Co alloy has different toxicity compared to Ni or Co alone and a specific
ratio of the three metals cause significant effects. Two doses (4 pellets and 20 pellets) of weapongrade W alloy (WA) (91.1% W, 6% Ni, and 2.9% Co) or 100% Ni pellets were implanted
intramuscularly into F344 rats to mimic the effect of shrapnel wound (Kalinich et al., 2005).
Results revealed an increase in red blood cells (RBCs), white blood cells (WBCs), neutrophils,
lymphocytes, and monocytes after 1 month and tumor formation in 100% of rats after 4-5 months
post-implantation of the high dose of WA. The low dose WA and Ni pellet induced tumor, but at
a lower rate. The tumors were classified as high grade pleomorphic rhabdomyosarcomas.
Interestingly, the authors concluded that this effect was not due to Co or Ni because 100% Ni alloy
induced tumor formation after a longer time compared to WA that contains only 6% of its
components as Ni. These results suggested a synergistic effect of the three metals to form free
radicals at the interface of pellets and tissue (Kalinich et al., 2005). Also, another study showed
that Co can induce polycythemia in rats, but at a higher concentration compared to Co
concentration in W alloy (Rakusan et al., 2001). These results suggest a synergistic effect of the
three metals is the cause of the observed effects.
As a trial to understand the mechanism of toxicity of WA, a comparison was performed using
different types of W/Ni/Co alloys and individual metals. The results showed that treatment of rat
skeletal muscle cells line (L6-c11) with W/Ni/Co (91% W: 6% Ni: 3% Co), W/Ni/Co (97% W:
2% Ni: 1% Co), or W/Ni/Fe (97% W: 2% Ni: 1% Fe) alloys caused inhibition of activity of caspase
3 and induced production of ROS and DNA damage (Harris et al., 2011). Only W/Ni/Co (91% W:
6% Ni: 3% Co) caused significant DNA damage compared to control (Harris et al., 2011). A
treatment using Co only induced a lower level of ROS generation compared to WA. The
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researchers of this study suggested that in addition to the production of ROS, dissolution of Co 2+
ions and Ni2+ ions may lead to stabilization of HIF proteins that can induce regulation of gene
expression; such as the induction of VEGF and inhibition of caspase 3 (Harris et al., 2011). An
earlier study in which 1HAEo cells were treated with Co2+or Ni2+, showed a decrease in
intracellular ascorbate post exposure. The results also showed that addition of ascorbate with Co
increased intracellular ascorbate, which resulted in reversing stabilization of HIF-1α and HIF-1dependent gene transcription (Salnikow et al., 2004). Ascorbic acid is essential for HIF-1α activity.
Ascorbic acid is a cofactor of the prolyl hydroxylases that is required to hydroxylate proline
residues on oxygen-dependent degradation domain on HIF-1α (Salnikow et al., 2004). The authors
explained that the presence of ascorbate in prolyl hydroxylases keeps iron in Fe2+ form, which is
important for active enzymes (Salnikow et al., 2004). Exposure to metals such as Co 2+or Ni2+ leads
to the oxidation of ascorbate into dehydroascorbic acid and production of ROS. In the case of
ascorbate depletion, Fe2+ is converted into Fe3+ and inactivation of prolyl hydroxylase and
inhibition of HIF-1α degradation occurred (Salnikow et al., 2004).
Schuster and coworkers showed that W/Ni/Fe (97.1% W: 1.7% Ni: 1.2% Fe) alloy didn’t induce
tumor formation around implanted alloy pellets in F344 rats. They observed a high increase in
metal concentrations in urine in the case of W/Ni/Co (91.1% W: 6% Ni: 2.9% Co) alloy, but not
in W/Ni/Fe alloy, which dissolved more slowly and produced fewer ROS compared to W/Ni/Co
alloy, indicating that the mobilized metals were the causal factor in tumor formation (Schuster et
al., 2012). Therefore, the authors of this study suggested that designing corrosion-resistant alloy
may solve the concerns around the long-term effects. A similar result was observed using a human
skeletal muscle cell line (hSkMC), where no oxidative stress-related transcriptional changes
occurred with W/Ni/Fe treatment (Harris et al., 2015). It was explained that the low toxic effects
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of W/Ni/Fe alloy may be due not only to the absence of Co but also, the low concentration of Ni
(Schuster et al., 2012). This can be confirmed by the fact that W/Ni/Co (97% W: 2% Ni: 1% Co)
alloy has lower toxicity compared to W/Ni/Co (91% W: 6% Ni: 3% Co) in human and rat skeletal
muscle cells (Harris et al., 2015). When hSKMC were treated with W/Ni/Co (91% W: 6% Ni: 3%
Co), inhibition of muscle-specific protein transcription was observed, in addition to induction of
hypoxia, stress response, glycolysis, and angiogenesis-related genes. All of these observations are
consistent with the expected outcomes of hypoxia-induced by Co. It is noteworthy that WA (91%
W: 6% Ni: 3% Co) induced a more toxic effect compared to WA (97% W: 2% Ni: 1% Co) (Harris
et al., 2011). This result highlights that the composition of the alloy could affect its toxicity and
by changing composition, toxic effects could be avoided. Another study showed a different result
for W/Ni/Fe, when Roedel et al. (2012) studied the effect of intratracheal instillation of W/Ni/Co
alloy (91%W: 6% Ni: 2.9% Co), or W/Ni/Co alloy (92%W: 5% Ni: 3% Fe) and each individual
metal alone in rats. Phagocytosis of metal particles by lung macrophages and influx of neutrophils
were observed in both W/Ni/Co alloy and W/Ni/Fe alloy treatment groups, but not in the W alone
treatment. The results also showed that the induction of the production of inflammatory cytokines
and generation of ROS 24 hr post instillation of W/Ni/Co alloy and W/Ni/Fe alloy (Roedel et al.,
2012). The difference in Ni concentration in W/Fe alloy in other studies may explain the different
results. Also, the different cell types may have a different response. Studying the effect of WC-Co
nanoparticles on different human cell lines showed that astrocytes are the most sensitive cells to
the cytotoxic effects, indicating that the nervous system could be the most affected body system
upon exposure to these particles, (Bastian et al., 2009). Another study showed that exposure of
W/Ni/Co alloy induced epigenetic alterations in hippocampal primary neuronal cultures (Verma
et al., 2011). The authors suggested that the three metals are interacting synergistically because the
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observed H3-Ser10 dephosphorylating due to W/Ni/Co alloy was significantly compared to Coalone-treated cells (Verma et al., 2011).
It was reported that induction of inflammatory cytokines and macrophages may lead to lung injury,
which is observed in hard metal lung disease (Moriyama et al., 2007; Roedel et al., 2012). Results
of the effect of implantation of two different military grade W alloys in leg muscles of B6C3FI
mice showed that W/Ni/Co alloy, but not W/Ni/Fe alloy induced the formation of a less aggressive
and not metastasized rhabdomyosarcoma around the pellets. In contrast of the effects on rats, the
formed tumor wasn’t aggressive and did not metastasize (Emond et al., 2015a). Later, the same
group used different singular or binary combinations of W, Co, and Ni to assess the role of each
metal in the observed effects. Tantalum (Ta), an inert metal, was added to the single or bimetal
alloy. Two years after implantation into the B6C3FI mice, W/Ta, Co/Ta and W/Ni/Ta alloy caused
lesser mortality rate compared to W/Co/Ni alloy. Also, sarcoma was formed in 20% of Co/Ta
alloy-treated mice and 5% of W-Ta alloy-treated mice; however, sarcoma was present in 80% of
W/Ni/Co-treated mice. These results showed a synergistic effect of the three metals in induction
of the toxic effect (Emond et al., 2015b). An interesting observation of this study is that pellets
containing W had a higher solubility rate compared to corresponding pellets that didn’t have W
(Emond et al., 2015b). Also, the authors observed localization of these metals into brain and testes,
indicating their ability to cross the blood-brain barrier and the blood-testes barrier (Emond et al.,
2015b). In a follow-up study, tissue distribution analysis of W/Co/Ni implant in F344 rats after 6
months of exposure showed a systemic distribution with the kidney, spleen, and liver having the
highest metal concentrations. These results suggested that W alloy can contribute to chronic
exposure to these metals (Vergara et al., 2016).
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In contrast to previous studies, Adams et al. (2015), treated rat pheochromocytoma (PC12) cells
with soluble single or paired metals of W, Co, and Ni in absence or presence of nerve growth factor
(NGF) to assess the effects of these metals on neurogenesis. Findings of this study indicated that
Ni or Co affects the gene expression of the cells in absence or presence of W, indicating W has
minimal effect compared to other metals present in the alloy (Adams et al, 2015). Table 1
summarizes the findings of the above-discussed studies.
.
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Table 1: Summary of the Effects of Tungsten Compounds
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1.6. Prediction of Toxicity of Mixtures using Mathematical Models
Understanding the toxicity of mixtures exposure is very important for regulating the components
of the mixture in the environment. Testing different mixtures of multiple components isn’t feasible
using animal models because of the endless potential mixtures, which require a large amount of
time and effort. Mathematical models can be used to predict the relationship of different
combinations of certain components, allows for a quick understanding to the possible outcomes of
these mixtures, and direct the efforts towards further investigations for potential toxic mixtures.
The effect of components of a mixture can be additive, synergistic, or antagonistic. Additivity
means that the effect of the mixture is a sum of the effects of components of this mixture. If the

22
effect of a mixture is different from the expected effect or in other words, the effect is different
than additivity, the mixture then has a joint interactive effect. The interaction relationship of a
mixture can be additive, when the effect of a mixture is as expected, less than additive, which
includes antagonism, inhibition or masking, or greater than additive, which includes synergism
and potentiation. If the effect of a mixture is less than the effect of each individual components,
then the interaction of the components is either antagonistic, masking, or inhibition. If the effect
of the mixture is higher than the effect of each component alone and each component is toxic by
itself, the interaction of these components is called synergistic. If the effect of the mixture is higher
than the effect of each component alone and each component is not toxic by itself, the interaction
of these components is called potentiation (Rodea-Palomares et al., 2015).
Additivity usually refers to dose additivity or effect or response additivity. Based on this rule, there
are two main models that can be used to predict the possible relationship: concentration/dose
addition model and independent action model. The concentration addition model assumes that the
components of the mixture have the same mode of action. The concentration addition model is the
sum of the quotients of concentration c for chemical i and the concentration of chemical i that
produce an x% effect equals to 1. The following equation represents the concentration addition
assumption (Rodea-Palomares et al., 2015).
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On the other hand, the independent action model assumes that the components of the mixture have
different modes of action. For n chemicals, the expected response for a mixture, E (x1,2…n) equals
to the product of each chemical’s probability of no effect (1–E(x i)) subtracted from 1 (RodeaPalomares et al., 2015).

Validation of these models can be done by comparing the results of these models and the observed
experimental model. In this study, the two models were used to predict the interaction between the
three metals. Results from single metal exposure were used to develop the expected results using
each model.
1.7. Central Hypothesis
The central hypothesis that was tested in this study is that Co and Ni mixtures alter W toxicity
and Co, Ni, and W mixtures synergistically affect the development of zebrafish (Danio rerio).
1.8. Specific Aims
There are three specific aims of this study. Specific aim 1 was designed to identify the non-lethal
concentrations of the three metals to be used in the mixture. This aim was addressed by exposing
zebrafish embryos/larvae to different concentrations of either W, Co, or Ni to assess the
appropriate concentrations for mixtures. Specific aim 2 was designed to assess the effect of WCo-Ni mixtures on the survival, behavior, and morphological features of developing zebrafish.
This aim was achieved by exposing zebrafish embryos/larvae to one of the mixtures and assessing
survivability, locomotor activity, and abnormal morphological features. Specific aim 3 was
designed to use mathematical models to predict the interaction relationship of the three metals.
Concentration addition and independent action models were used to predict mortality rates after
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exposure to the mixtures and compared to observed values to evaluate the usefulness of these
models as well as confirm the observed results.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Zebrafish Husbandry
Zebrafish

(Danio

rerio)

AB

wild-type

strain

were

housed

in

a

Z-mod

system

(Aquatic Habitats, Apopka, FL) and kept in 14hr light: 12 hr dark. Water quality was
maintained at 28°C, pH=7.0-7.4, and conductivity at 550 S. Fish were fed twice per day. Adult
fish were bred in breeding tanks and embryos were collected between 1-2 hpf (between the 4-64
cell stage) according to established protocols (Peterson et al., 2011; Westerfield, 2000). Collected
embryos were randomly assigned to a treatment group based on the experimental design and kept
at 28°C for 120 hours post fertilization (hpf). All protocols were approved by Purdue University’s
Institutional Animal Care and Use Committee with all fish treated humanely and with regard for
alleviation of suffering. Figure 1 represents the experimental design for the study.
2.2. Developmental Exposure to Single Metals
In order to identify the effect of each metal alone and determine the concentration to be included
in the mixtures, collected embryos were exposed to a wide range of concentrations of either W, Ni
or Co. W in the form of sodium tungstate dihydrate (Na2WO4; 99.995% purity, CAS Number:
10213-10-2), Ni in the form of nickel chloride hexachloride (NiCl 2.6H2O; 99.999% purity, CAS
Number 7791-20-0), and Co in the form of cobalt chloride hexahydrate (CoCl 2.6H2O; 98.8%
purity, CAS Number: 7791-13-1) were obtained from Sigma Aldrich (St. Louis, MO). Selected
concentrations were 0, 10, 100, 1,000 and 10,000 parts per million (ppm; mg/L) for W; 0, 0.001,
0.01, 0.1, 1, 10, and 100 ppm for Ni; and 0, 0.001, 0.01, 0.1, 1, 10, and 100 ppm for Co. Stock
solutions were diluted with water from the fish system to achieve dosing concentrations. A stock
solution of W was prepared at a concentration of 40,000 ppm (mg/L), a stock solution of Ni was
prepared at a concentration of 4 ppm, and a stock solution of Co was prepared at a concentration
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of 40 ppm. The embryos were maintained in the treatment solutions through 120 hpf. All stock
solutions were within water solubility limits and no solvents were needed. Three biological
replicates were included for each chemical treatment (N=3) with fifty embryos as subsamples from
each replicate observed. Survival rates were monitored every 6 hrs through 120 hpf by counting
the living embryos. Filtered fish water was used as a 0 ppm (control). The lethal concentration for
50% mortality (LC50) for W, Co, and Ni for 120 hpf was calculated using SPSS 23 software and
dose-response curves were generated using GraphPad prism software.
2.3. Exposure of Zebrafish to Metal Mixtures
The mixture exposure included two parts: the first part included high concentrations of W and the
second part included lower concentrations of W. First, three concentrations of each metal were
selected to be included in the mixtures. Those concentrations were 0, 0.1, 1 ppm for Ni; 0, 1, 10
ppm for Co; and 0, 5000, 10000 ppm for W. The second part of the mixture exposure included 0,
0.1, 1 ppm for Ni; 0, 1, 10 ppm for Co; and 0, 100, 1000 ppm for W. Different combinations of
the three metals were prepared for a total 27 treatment groups per replicate. Each replicate
treatment group included a petri dish of fifty embryos. Survival rates were monitored every 6 hrs
through 120 hpf. Filtered fish water was used as a 0 ppm control. An analysis of variance
(ANOVA) test was performed to analyze differences among treatments and a least significant
difference (LSD) post hoc test at α=0.05 was used when a significant ANOVA was observed.
2.4. Visual Motor Response Test
Locomotor activity of larval zebrafish at 120 hpf was examined to assess differences between
different mixture groups and control larvae. Mixtures included 0, 0.1, or 1 ppm for Ni; 0, 1, or 10
ppm Co; and 0, 100, or 1000 ppm W. Three biological replicates (N=3) were included with 59103 subsamples per treatment per replicate. For this analysis a larva is placed in one well of a 96-
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well plate, then the plate is placed into the Noldus DanioVision Observation Chamber (Noldus
Information Technology, Wageningen, Netherlands) to record the tracking of each larva using the
white light routine. Larvae were exposed to alternating periods of 10-min light and 10-min dark,
after an acclimation period of 10 min in the dark. The endpoints included velocity, time spent
moving, distance moved, turn-angle, and turning direction. An ANOVA test was performed to
analyze differences among treatments and a LSD test at α=0.05 was used when a significant
ANOVA was observed.

Morphological Measurements
Figure 1: Experimental design of the study. Adult fish were bred in spawning tank and embryos were collected.
Survival rates and hatching rates were assessed for embryos that were exposed to different concentrations of each
metal individually. Then survival rates, hatching rates, locomotor activities and morphological measurements were
assessed for embryos that were exposed to metal mixtures.

2.5. Morphological Assessment of Metal Mixture
Morphological evaluation of larval zebrafish at 120 hpf was performed to assess morphological
abnormalities in metals-treated groups compared to the control group. Four treatment groups were
included for morphological assessment of the metal mixture: control, 1 ppm Co, 1000 ppm W, or
1ppm Co-1000 ppm W. Four biological replicates (N=4) were completed with 10-20 larvae
analyzed in each biological replicate (subsamples). The endpoints included body length, head
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width, head length, and brain length. The larvae were selected randomly from each petri dish,
euthanized using 0.4 mg/mL tricaine-S (ethyl m-amino benzoate methane sulfonate; Western
Chemical Inc., Ferndale, WA), and analyzed using a Nikon SMZ1500 dissecting microscope with
NIS Elements imaging software (Melville, NY). For measuring brain length, larvae were
positioned laterally, then the distance from the boundary of the hindbrain and spinal cord to rostral
brain was measured (Figure 2) (Peterson et al., 2013). The body length was the distance from snout
to tail (Weber et al., 2013). Head width (intraocular space) was measured by measuring the length
from between midpoint of each eye (Figure 3) (Matthew et al., 2017). Ratios of head length, head
width, or brain length to body length were calculated to assess changes in overall larval size. An
ANOVA was used to analyze differences among treatments groups and a LSD post hoc test at
α=0.05 was used when a significant ANOVA was observed.

.

Figure 2: Representative brain length (blue line) for morphological assessment. Brain
length is the distance from the boundary of the hindbrain and spinal cord to rostral brain

Figure 3: Representative body length (orange), head width (red) and head length
(blue) for morphological assessment. The body length was the distance from snout to tail
Head width (intraocular space) is the length from between midpoint of each eye. The head
width is the distance between operculum and snout.
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2.6. Prediction of Toxicity of the Mixtures using Mathematical Models
Different lethal doses of individual metals W, Co, or Ni was obtained using probit analysis with
SPSS 23 software. Because the mixtures have different concentrations of each metal, toxic unit
(TU) was calculated to sum the concentration of the metal (Safe, 1998). The toxic unit is calculated
by dividing the concentration of individual metal to its corresponding LC 50.
TU=

, where the concentration is the concentration of individual metal and LC 50 is the

LC50 of this metal.
For the concentration addition model, the following equation was used:

Where C is the concentration for chemical i in the mixture and ECxi is the concentration of
chemical i that produce an x% effect equals to 1.
For applying the independent action model, the following equation was used,

Where the expected response for a mixture, E (x1,2…n) equals to the product of each chemical’s
probability of no effect (1–E) subtracted from 1.
The expected effects using the two models were plotted against the corresponding toxic unit using
non-linear regression using Graphpad Prism 7. The experimental observed effects also were
plotted on the same graph for each model to be able to determine the type of interaction of the
three metals. 95% confidence intervals for the mathematical curves were used as reference
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boundaries for the interactive effect (Goolsby et al., 2013). A Chi-square test was used to compare
the observed mortality and the IA-predicted mortality (Goolsby et al., 2013).
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CHAPTER 3: RESULTS

3.1.Developmental Exposure to Single Metals
Developing zebrafish were exposed to a wide range of concentrations of W, Ni, or Co . The highest
concentration of W (10,000 ppm) caused a significant increase in mortality at 12 hpf through 120
hpf. Concentrations less than 10,000 ppm W didn’t cause differences in survival rates compared
to control. Acceleration in hatching rates were observed in 1000 ppm W-treatment group. (Figure
4). A significant decrease in survival was observed with 100 ppm Ni at 72 hpf. A significant delay
in hatching rate was observed in the 10 and 100 ppm Ni treatment groups, while 1 ppm Ni caused
early hatching compared to the control treatment (Figure 5). A significant decrease in survival was
observed with 100 ppm Co. A significant delay in hatching occurred at 100 ppm Co at 54 hpf
(Figure 6). Based on these results, concentrations of Ni (0.1 or 1 ppm Ni) and Co (1 or 10 ppm
Co) that had no observed effect on survival were chosen to be used for the mixture exposures.
10,000 ppm W was included in the mixture exposures to assess the influence of Ni and Co at a
lethal W concentration (i.e., to assess potentiation or similar interactions). In addition, a
concentration of 5,000 ppm W was chosen as a less severe concentration that would still yield
lethality to further test the influence of Ni and Co on survival.
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Figure 4: Survival rates (A) and hatching rates (B) after W exposures. Zebrafish
embryos/larvae were exposed to W concentrations ranging from 10 ppm to 10,000 ppm.
10,000 ppm W caused significant morality (A) almost immediately and eventually caused
complete mortality. Hatching rates were monitored (B) throughout the exposure duration.
Acceleration in hatching rates were observed with 10000 ppm W treatment. High mortality
in the highest test concentration prevented statistical analysis at this treatment (<50%
survival). Significant differences were not seen in either endpoint at concentrations of 1000
ppm and below. N=3 with 50 subsamples per treatment per replicate. *p< 0.05 compared
to control.
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A: Nickel Exposure: Survival Rate
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B: Nickel Exposure: Hatching Rate
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Figure 5: Survival rates (A) and hatching rates (B) after Ni exposures. Zebrafish embryos/larvae were exposed
to Ni concentrations ranging from 0.001 ppm to 100 ppm as well as a control. The 100 ppm Ni treatment caused
significant morality (A) beginning at 72 hpf and was completely lethal by the end of the 120 hr exposure. Ni
influenced mean hatching time (B) in a concentration dependent manner. A significant delay was observed in fish
exposed to 10 or 100 ppm Ni, while embryos exposed to 1 ppm hatched sooner than controls. N=3 with 50
subsamples per treatment per replicate. *p< 0.05 compared to control.
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B- Cobalt Exposure: Hatching Rate
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Figure 6: Survival rates (A) and hatching rates (B) after Co exposures. Zebrafish embryos/larvae were
exposed to Co concentrations ranging from 0.001 ppm to 100 ppm. 100 ppm Co caused significant mortality
(A) beginning at 102 hpf, with a mean survival of 23% at 120 hpf. A hatching delay occurred (B) in fish exposed
to 10 or 100 ppm Co, observed at 54 hpf . N=3 with 50 subsample s per treatment per replicate. *p< 0.05
compared to control.
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Dose-response curves were plotted with log concentration expressed in molarity and % mortality
at 120 hpf and analyzed using non-linear regression for W (Figure 7), Co (Figure 8), and Ni (Figure
9). The 120 hour LC50 were calculated with SPSS 23. The 120 hour LC50 for W was 2,875 ppm,
for Ni was 42.8 ppm, and for Co was 56.6 ppm.

Figure 7: Dose-response curve for Sodium Tungstate dihydrate at 120 hpf. Blue line
represents the best fit line using least squares regression analysis (R2=0.9)
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Figure 8: Dose-response curve for nickel chloride hexachloride at 120 hpf. Blue line represents the best fit line
using least squares regression analysis (R2=0.96)

Figure 9: Dose-response curve for Cobalt chloride hexahydrate at 120 hpf. Blue line represents the best fit line
using least squares regression analysis (R2=0.76)
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3.2. Developmental Exposure to W, Co and Ni Mixture
First, zebrafish were exposed to mixtures composed of W, Co, and Ni. Three concentrations were
used for each metal: 0, 5000, and 10000 ppm for W; 0, 0.1, and 1 ppm for Ni; and 0, 1, and 10
ppm for Co. As expected, all 10,000 ppm W-containing mixtures caused 100% mortality at 96 hpf.
No significant differences were observed between 10,000 ppm W alone or Ni and Co mixtures
(Figure 10). There was a significant decrease in survival between 5000 ppm W-based mixtures
compared to control. Interestingly, a significant difference in survival was observed when treated
with the three metals as compared to 5000 ppm W alone, except for 5000 ppm W- 0.1 ppm Ni
group, suggesting a synergistic effect when the three metals combined together. Although, there
was no significant differences in hatching rates between the 5000 ppm W alone and Co and Ni
containing mixtures, there was a significant delay in hatching for all 5000 W-based mixtures
(Figure 11). It is also important to note that no significant changes in survival of Ni and/or Co
based treatments in absence of W was observed (Figure 12).
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Figure 10: Exposure of zebrafish to 10,000 ppm W-based mixtures. Zebrafish embryos/larvae were
exposed to 10,000 ppm W along with Ni and Co in varying concentrations. No significant difference in
mortality rate was observed when embryos were co-exposed to all three metals as compared to 10,000 ppm
W alone (p>0.05). N=3 with 50 subsamples per treatment per replicate.
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Figure 11: Exposure of zebrafish to 5,000 ppm W-based mixtures. Zebrafish embryos/larvae were exposed
to 5000 ppm W along with Ni and Co in varying concentrations. A significant difference in mortality was
observed when treated with all three metals (except for 5000 ppm W-0.1 ppm Ni) as compared to 5,000 ppm
W alone starting at 96hpf through 120hpf. N=3 with 50 subsamples per treatment per replicate. Treatments
surrounded by the red oval significantly different from 5000 ppm W, p<0.05
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Figure 12: Co and Ni co-exposure (0 ppm W). Zebrafish embryos/larvae were exposed to varying concentrations of
Ni and Co. No significant difference was observed between the embryos treated with Ni and Co and control (p>0.05)
N=3 with 50 subsamples per treatment per replicate.

The second part of the mixture exposure included lower non-lethal concentrations of W (i.e., 100
ppm and 1000 ppm W) with the same Co and Ni mixtures as the previous mixture experiment (1
or 10 ppm Co and 0.1 or 1 ppm Ni). The same concentrations of Ni and Co were used as the
previous experiment because no differences in survival or hatching were observed when compared
to control. Within 27 different treatment groups of different combinations of W, Ni and Co, there
was no observed changes in survival between any groups compared to control (Figure 13). 1000
W-10 Co mixtures accelerated hatching rate at 65 hpf compared to control (Figure 14). 1000 ppm
W alone and 10 ppm Co alone didn’t cause changes in hatching rates compared to control. There
were no changes in hatching rates at 72 hpf in all treatments compared to control.
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Figure 13: %Survival at 120 hpf of 0 (A), 100 (B), or 1000 (C) ppm W Mixtures. No significant changes were
observed compared to control (p>0.05). N=3 with 50 subsamples per treatment per replicate. Error bars represent
standard deviation.
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Figure 14 :60 hpf % hatching after exposure to W-Co-Ni mixtures. 1000 ppm W-10 ppm Co mixtures caused
accelerated hatching at 60 hpf, (*p<0.05). N=3 with 50 subsamples per treatment per replicate. Error bars represent
standard deviation.

3.3. Locomotor Activity of 120 hpf Zebrafish Larvae
Behavioral analysis of 120 hpf larvae was assessed using the Noldus Daniovision chamber system
after exposure to metal mixtures containing 0, 100, or 1000 ppm W. A significant decrease in time
spent moving, velocity, and distance moved in all 10 ppm Co treatments (Co alone and W-Ni
mixtures) compared to the control treatment was observed. (Figures 15, 16, and 17). There was no
significant change between W alone treatments and control. These results suggested that 10 ppm
Co is the driving force of the decreased locomotor activities. There was no significant change in
heading and rotation directions in any treatments compared to control.
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Figure 15:Behavioral analysis of velocity after exposure to W/Ni/Co mixtures. Panel (A) shows a
significant decrease in velocity all 10 ppm Co treatments compared to controls, N=3 with 62
subsamples per treatment per replicate. Panel (B) shows when the10 ppm Co only treatment is
compared to other treatments groups: a significant decrease in velocity, in the 10 ppm Co only
treatment group compared to control was observed, N=3 with 24 subsamples per treatment per
replicate. Error bars represent standard deviation. *p<0.05 compared to control
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Figure 16: Behavioral analysis of distance moved after exposure to W/Ni/Co mixtures. Panel (A) shows a
significant decrease in distance moved in all 10 ppm Co treatments compared to controls, N=3 with 62 subsamples
per treatment per replicate. Panel (B) shows when the10 ppm Co only treatment is compared to other treatments
groups: a significant decrease in distance, in the 10 ppm Co only treatment group compared to control occurred
N=3 with 24 subsamples per treatment per replicate. Error bars represent standard deviation. *p<0.05 compared to
control.
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Figure 17: Behavioral analysis of time spent moving after exposure to W/Ni/Co mixtures. Panel (A)
shows a significant decrease in time spent moving in all 10 ppm Co treatments compared to controls, N=3
with 62 subsamples per treatment per replicate. Panel (B) shows when the10 ppm Co only treatment is
compared to other treatments groups: a significant decrease in time spent moving, in the 10 ppm Co only
treatment group compared to control occurred, N=3 with 24 subsamples per treatment per replicate Error
bars represent standard deviation. *p<0.05 compared to control
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3.4. Morphological Assessment
Since 10 ppm Co was the causal factor for decreased locomotor activities and accelerated hatching
was observed in 10 ppm Co/5000 ppm W mixtures, it was decided to include Co and W in the
mixture for assessing abnormal morphological features in 120 hpf larvae. First, zebrafish were
exposed to 0, 100, or 1000 ppm W only and 0, 1, or 10 ppm Co only. Based on the results of the
single metal exposure, concentrations of W and Co were chosen to be used in the mixture.
Exposure to 100 ppm W caused significant decrease in body length, head length, head width, and
brain length compared to control (Figure 18). Analysis of ratio of head width head length and brain
length to body length showed that 100 ppm W treatment caused development of proportionally
narrower head and smaller brain compared to control (p=0.04 &p=0.075 respectively) (Figure 19).
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Figure 18: Morphological measurements of 0, 100, 1000 ppm W. (A) body length, (B) head width, (C) head
length, and (D) brain length. 100 ppm W caused a decrease in body length, head length, head width, and brain
length, *p<0.05 compared to control. N=4 with 10-20 subsamples per treatment per replicate (total number
=60). Error bars represent standard deviation.
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Figure 19: Mean ratios of head width to body length (A), head length to body length (B), and brain length to
head length (C) for 0, 100, and 1000 ppm W. 100 ppm W caused proportionally narrower head and smaller brain
compared to control. *Significantly different compared to 0 ppm W control group (*p < 0.05). N=4 with 10-20
subsamples per treatment per replicate (total number =60). Error bars represent standard deviation.
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Exposure of 120 hpf larvae to 10 ppm Co led to a decrease in body length, head length, head width,
and brain length compared to control (p<0.001). Also 1 ppm Co exposure caused a decrease in
body length and brain length (p<0.001), but its effect was less than 10 ppm Co. The body length
of the 10 ppm Co-treated larvae is significantly smaller than 1 ppm Co-treated larvae. No changes
were observed regarding body length, head length, or head width with 1 ppm Co (Figure 20). 10
pm Co treated larvae had proportionally shorter head and smaller brain compared to control. 1
ppm Co treated group had a longer head and proportionally smaller brain (Figure 21).
Based on these results, 1000 ppm W and 1 ppm Co were used in a mixture to assess effect of a WCo mixture. 1000 ppm W caused only decrease in head width and 1 ppm caused a decrease in brain
length, but with less extent compared 10 ppm Co. Overall, 1000ppm W and 1 ppm Co had less
severe effect than other concentrations of W and Co.
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Figure 20: Mean morphological measurements after exposure to 0, 1, or 10 ppm Co. (A) Body length,
B) (Head width, (C) Head length, and (D) Brain Length. 10 ppm Co caused a decrease in body length, head
length, head width, and brain length. A decrease in brain length with 1 ppm Co compared to control was
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Figure 21: Representative mean ratios of (A) head length to body length, (B) head width to body length, and
(C) of brain length to body length after exposure to 0, 1, or 10 ppm Co. 10 ppm Co treated larvae had a
proportionally shorter head compared to control. 1 ppm Co treated group had a longer head and proportionally
smaller brain. *p<0.05 compared to control. N=6 with 10-20 subsamples per treatment per replicate (total number
=74). Error bars represent standard deviation.
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Zebrafish larvae were exposed to either 0, 1 ppm Co, 1000 ppm W or 1000ppm W-1 ppm Co
mixture. Morphological measurements at 120 hpf showed that the mixture exposure (1000 ppm
W-1 ppm Co) caused a decrease in body length compared to control as well as W or Co alone
treatments (p<0.001). The mixture exposure also caused a significant decrease in head width
compared to control or Co alone. (p=0.004). 1 ppm W caused a decrease in head width compared
to control but it was significantly bigger than mixture (p<0.001) indicating that the mixture of W
and Co caused a more severe effect on the development of zebrafish. No significant differences
were observed in head length with any treatment group and control (p=0.2). Also, the mixture
exposure (1000 ppm W- 1 ppm Co) caused significant decrease in brain length compared to control
and also W or Co alone (p<0.001), (Figure 22). This result suggests a synergistic effect of W and
Co, which increase the toxic effect of the mixture compared to each metal alone. 1000 pm W and
W-Co treated larvae had bigger brains to their bodies. Also, W-Co treated larvae had a longer head
relative to their body (Figure 23).
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Figure 22: Mean morphological measurements after exposure of 120 hpf larvae to 1000 ppm W, 1 ppm Co or
a mixture of 1000 ppm W and 1 ppm Co. (A) body length, (B) head width, (C) head length, and (D) brain length.
A significant decrease in body length, head width, and brain length was observed in the W-Co mixture. Head width
was also decreased in the 1 ppm W exposure compared to control and also is significantly different than the W- Co
mixture. *p<0.05. N=4 with 15-25 subsamples per treatment per replicates. Error bars represent standard deviation.
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Figure 23: Mean ratios of head length to body length (A), head width to body length (B), and brain
length to head length (C) with exposure to the control treatment, 1 ppm Co, 1000 ppm W, or 1000ppm
W- 1 ppm Co mixture. W-Co treated larvae had a longer head relative to their body length. 1000 pm W
and W-Co treated larvae had bigger brains to their bodies. *p<0.05. N=4 with 15-25 subsamples per
treatment per replicates. Error bars represent standard deviation.
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3.5. Prediction of Interaction of W, Co, And Ni Using Concentration Addition and
Independent Action Models
The LC50 for each metal was determined from the percent mortality at 120 hpf after exposure to
series of different concentrations to each single metal as noted above (2,875 ppm for W, 42.8 ppm
for Ni, and 56.6 ppm for Co). Table 2 shows the calculated/expected mortality that corresponds to
different toxic units using the concentration addition model. The expected mortality rates are based
on the observed mortality of the individual metals. Using the toxic unit approach is useful to
illustrate the concentration of the different components in the mixture as one unit, which makes
comparison of different mixtures feasible. Table 3 shows the concentrations of different mixtures
as a toxic unit and corresponding % of observed mortality of the larvae after 120 hours of exposure.
The expected mortality (based on the mortality of each component alone) were compared to the
observed mortality of different mixtures. Figure 24 shows the expected concentration additionresponse curves and observed concentration-response curve. As is shown in Figure 24, the lower
concentration of the observed curve is present within the limits of the additivity boarders of the
predicted curve, suggesting that the relationship between the W, Co, and Ni in the mixtures are
additive. Interestingly, the middle part of the observed curve is located above the additivity borders
suggesting presence of a synergistic relationship between the three metals within this range of
concentration of 1.2 TU- 2.2 TU (5,000 ppm mixtures in this study). This result is consistent with
the observed results of the mixture exposure. Exposure to Ni, Co, and 5000 ppm W caused a
significant decrease in the survival of 120 hpf larvae compared to 5000 ppm W alone (p<0.05;
Figure 25). At higher toxic units, the observed curve returned back to the additivity zone. This
result can be explained as the concentration of W reaches 10,000 ppm, it could mask the inhibitory
effects of the mixture. 10,000 ppm is equivalent to 3.47 TU, which means it is more than 3 times
the LC50. Although the concentration addition model accounts for different potencies of the
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mixture’s components, it fails to predict the effects that are higher than the maximum effect
(Hadrup et al., 2013).
Table 2: % Mortality Against Toxic Unit Using Concentration Addition Model
Toxic unit
% mortality
0.15

15

0.33

20

0.80

40

1

50

1.35

60

1.43

70

1.69

80

3.04

99
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Table 3: 120 hpf % Mortality observed by exposing zebrafish to tertiary mixture
Combination
Toxic Unit
120-hpf % mortality
Control

0

7.3

100 ppm W, 1 ppm Co, 0.1 ppm Ni,

0.054

12.66

100 ppm W, 1 ppm Co, 1 ppm Ni

0.075

8.666

100 ppm W, 10 ppm Co, 0.1 ppm Ni

0.214

6

100 ppm W, 10 ppm Co, 1 ppm Ni

0.235

4

1000 ppm W, 1 ppm Co, 0.1 ppm Ni

0.368

13.33

1000ppm W, 1 ppm Co, 1 ppm Ni

0.389

20

1000ppm W, 10 ppm Co, 0.1 ppm Ni

0.527

13.33

5000 ppm W, 1 ppm Co, 0.1 ppm Ni

1.759

10.66

5000 ppm W, 1 ppm Co, 1ppm Ni

1.78

72.66

5000 ppm W, 10 ppm Co, 0.1ppm Ni

1.918

98.66

5000 ppm W, 10 ppm Co, 1 ppm Ni

1.939

99.33

10000 ppm W, 1 ppm Co, 0.1 ppm Ni

3.498

100

10000 ppm W, 1 ppm Co, 1 ppm Ni

3.519

100

10000 ppm W, 10 ppm Co, 0.1 ppm Ni

3.657

100

10000 ppm W, 10 ppm Co, 1 ppm Ni

3.678

100

Concentration addition Vs Observed
150

Observed

Synergism

Expected

100
50

Less than additive

0
1
-50

2

3

4

Toxic Unit

Figure 24: % mortality using concentration addition model (red) and observed
(blue). The boundaries of the red line represent the additive interaction.
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Figure 25: 120-hpf observed mortality rates of 5,000 ppm W mixture., All 5000 ppm W-based
mixtures caused an increase in mortality rate compared to control except for 5000 ppm W and
0.1 ppm Ni. N=3 with 50 subsamples per treatment per replicate, *p<0.05. Error bars represent
standard deviations.
Mortality rates were also calculated using an independent action model, which assumes that each
component in the mixture has a different mode of action (Table 4). The expected mortality rates
and observed mortality rates were plotted (Figure 26). The confidence limits were used to
determine the additivity zone. Based on the independent action model, the effect of the three metals
are additive. The Chi-square test showed that there is a significance difference between the
observed and IA-generated expected mortality (p<0.0001).
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Table 4: % Mortality of Different Mixtures Using the Independent Action Model
Mixture

Toxic Unit

Observed

Expected

100 ppm W, 1ppm Co, 0.1 ppm Ni

0.05

12.67

37.23

100 ppm W, 1 ppm Co, 1 ppm Ni

0.08

8.67

35.81

100 ppm W, 10 ppm Co, 0.1 ppm Ni

0.21

6

34.47

100 ppm W, 10 ppm Co, 1 ppm Ni

0.23

4

32.98

1000 ppm W, 1 ppm Co, 0.1 ppm Ni

0.37

13.33

21.28

1000 ppm W, 1 ppm Co, 1 ppm Ni

0.39

20

19.49

1000 ppm W, 10 ppm Co, 0.1 ppm Ni

0.53

13.33

18.38

1000 ppm W, 10 ppm Co, 1 ppm Ni

0.55

10.67

16.53

5000 ppm W, 1 ppm Co, 0.1 ppm Ni

1.76

72.67

81.93

5000 ppm W, 1 ppm Co, 1ppm Ni

1.78

98.67

84.37

5000 ppm W, 10 ppm Co, 0.1 ppm Ni

1.92

99.33

83.13

5000 ppm W, 10 ppm Co, 1 ppm Ni

1.94

100

100

10000 ppm W, 1 ppm Co, 0.1 ppm Ni

3.5

100

100

10000 ppm W, 1 ppm Co, 1 ppm Ni

3.52

100

100

10000 ppm W, 10 ppm Co, 0.1 ppm Ni

3.66

100

100

10000 ppm W, 10 ppm Co, 1 ppm Ni

3.68

100

100
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Synergism

Less than additive

Figure 26: % mortality using the independent action model (red) and observed effect (blue). The
boundaries of the red line represent the additive interaction.
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CHAPTER 4: DISCUSSION

4.1. Discussion
W has been claimed as an emerging toxicant by the EPA after incidents that emphasized its toxicity
and mobility in the environment. The most important alarming incident was the presence of
childhood leukemia cluster in Churchill County, Nevada. This area naturally has a high level of W
and has military bases; therefore, W was strongly considered a possible cause of this cancer cluster.
Although the results of studies on this incident are contradicting, many other studies started to
revisit studies assessing W toxicity. W is used as an alloy with other metals to increase the
mechanical properties of its products such as hardness and strength. Therefore, other metals such
as cobalt, nickel, and iron are used in production of W alloy (Penrice et al.,1988, Nicolas, 1990).
Studies of W alloy toxicity included studying the effect on lung cells or cancerous cell lines in
vitro, or implantation of an alloy in animals (Emond et al., 2015, Laulicht et al., 2015). Most studies
were trying to mimic the shrapnel injury that may be caused by military ammunition. The results
of these studies suggested that W/Co/Ni alloy exposure induced ROS production, tumor formation,
inflammatory reactions, DNA damage, and apoptosis. The literature lacks data on the toxicity of
the three metals on development of humans or in animal models. The current study was focused
on using the soluble form of W, Ni, and Co to mimic the exposure to contaminated drinking water.
The aim of the current study was to evaluate the effect of cobalt (ii) and nickel (ii), which are
known carcinogens (Salnikow et al., 2004), on W toxicity using zebrafish embryos. The embryos
were maintained in the dosing solutions through 120 hpf, which represents the early larval
developmental stage (Kimmel et al., 1995). Acute toxicity testing was performed by assessing
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survival rates after exposure to the single metal or metal mixtures. Also, locomotor activities and
morphological measurements were determined.
First, zebrafish were exposed to a wide range of each metal alone with the results showing that
10,000 ppm W caused 100% mortality in zebrafish larvae at 120 hpf. Also, 100 ppm Co and 100
ppm Ni caused a significant increase in mortality at 120 hpf. Significant decrease in hatching rate
was observed with 10 and 100 mg/l Ni exposure at 72hpf. These results are consistent with
Nabinger et al. (2018) who found that 15 ppm Ni didn’t changed the survival rate compared to
control but 5 mg/l and 5 mg/l Ni caused delay in hatching. A significant delay in hatching was
observed at 54 hpf with 10 and 100 ppm Co exposure. Another study showed that 5 ppm and 10
ppm Co exposure caused acceleration of hatching at 48 hpf and a delay of hatching at 72 hpf (Cai
et al., 2012). The 120 hpf LC50 was 2,875 ppm for W, 56.6 ppm for Co, and 42.8 ppm for Ni. There
is currently very limited data on the LC50 values for W with zebrafish. One study determined the
96 hr-LC50 for Na2WO4 to be >106 ppm, which was the maximum concentration that was tested
in that study and showed no effect on the mortality (Clements et al., 2012). The 96 hr-LC 50 for Ni
was reported to be 31.1 ppm (Ansari et al., 2015) and 35.5 ppm for Co (Reinardy et al., 2013),
which are both fairly close to the 120 hr-LC50 observed in this study. No observed adverse effect
concentrations (NOAECs) were chosen to be included in the mixture. Concentrations of 1 and 10
ppm Co and 0.1 and 1 ppm Ni were chosen to be included in the mixture. For W the lethal
concentration of 10,000 ppm was chosen to assess influence of Co and Ni on interactions such as
potentiation. In addition, a less severe lethal concentration of 5000 ppm W was also chosen for
inclusion to further assess a broad range of potential interactions. Exposure to 5000 ppm W and 1
ppm Ni, 1ppm Co and/or 10 ppm Co showed a significant increase in mortality compared to 5000
W alone. This result suggested a possible synergistic interaction of W, Co, and Ni, which means
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that even when one metal is toxic (W), the presence of the other metals increases its toxicity. Since
5000 ppm W itself caused significant increase in mortality compared to the control treatment, a
lower concentration of W (1000ppm) was chosen for further investigation of the mixtures toxicity.
1000 ppm W-based mixtures didn’t show changes in survival compared to the control treatment.
1000 W-10 ppm Co mixtures did accelerate hatching at 60 hpf compared to the control treatment
indicating a possible potentiation interaction between the W-Co as each metal alone didn’t induce
an adverse effect (accelerated hatching in this case), but when combined they induced this effect.
Analysis of the visual motor response test of the larvae revealed that all 10 ppm Co-containing
treatments, including 10 ppm Co alone, induced hypoactivity of the larvae (such as a decrease in
velocity, distance moved, and time spent moving). There were no differences between other groups
and the control treatment or the corresponding single metal. Another study did observe a reduced
locomotor activity of larvae at 120 hpf after 10 ppm Ni exposure, which is much higher than the
concentrations used in the current study (Kienle et al., 2009). Also, another study showed that
exposure to 0.025 ppm Ni caused decrease in distance moved and 5 ppm Ni caused increase in
distance moved but 2 ppm Ni didn’t cause any changes in locomotor activities compared to the
control (Nabinger et al., 2018). The result of the locomotor activities suggested that 10 ppm Co is
the causal factor for the observed hypoactivity. The hypoactivity or hyperactivity in the visual
response test may indicate adverse status of many systems in the body, which include vision,
neuronal, or muscular problems. Sonnack et al., (2015) showed that 45.8 ppm Co exposure caused
reduction in primary and secondary motor neurons development of 72hours-old larvae and this
effect was combined with a decrease in escape response. Morphological measurements showed
that 10 ppm Co treatment induced formation of smaller brain, shorter head, smaller inter-eye
distance, and shorter bodies. The ratio of head length, head width, or brain length to body length
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explained that those 10 ppm Co induced proportionally smaller brain, shorter heads but the intereye distance isn’t proportional to the larvae’s bodies. Cai et al. (2012) observed that 0.1 ppm and
0.5 ppm Co exposure caused a reduction in the body length at 80 hpf. It is important to note that
besides the difference in the exposure endpoint compared to the current study, in the later study
Co-solutions were replaced every 24 hour which may increase the absorption of Co in tissues
compared to the current study where Co exposures were started at 0-2 hpf till 120hpf without
replacing the solution. In the current study, reduction in body length only observed with 10 ppm
Co exposure. The decrease in the inter-eye space may impair the vision of those larvae, which may
explain the hypoactivity in the visual motor response test. Furthermore, Co may induce hypoxia,
which may lead to retinopathy (Rezzola et al., 2016). Co ions can induce HIF-1α stabilization
directly by inhibiting HIF-1α degradation and induction of its stability or indirectly by induction
of ROS and induction of pathways that induce synthesis of HIF-1α (Chachami et al., 2004,
Salnikow et al., 2004, Sun et al., 2015). Other studies suggest that Co ions may interfere with
calcium ions and inhibit neurotransmission by replacing calcium required for synaptic
neurotransmitter release (Stewart et al., 2017).
Although, the locomotor assay didn’t show interactions between the three metals, the
morphological assessment showed a possible interaction. Based on the data in the literature and
our data, we decided to study W-Co mixtures in assessing the morphological abnormalities.
Results showed that exposure to 1000 ppm W-1 ppm Co mixture caused a significant decrease in
body length, head width, and brain length. Interestingly, the brain length was relatively larger when
compared to the body length in the W-Co mixture. Also, the head length was larger relative to the
body. These results suggested that the brain isn’t altered proportionally to the body, indicating
severe malformation. Although, the 1000 ppm W exposure alone caused a reduced head width
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compared to the control treatment, it was significantly different than the mixture. These results
indicate that the exposure to sublethal concentrations of a W-Co mixture altered the development
of zebrafish larvae and the abnormalities are different than the effects of each metal alone. Overall,
these results suggest that the mixtures of W and Co can have different toxic effects compared to
each metal alone, emphasizing the importance of extensive studies to evaluate safety of the
products that contain those metals for use in setting regulatory limits.
Lastly, mathematical models were explored to predict the interaction relationship between the
components of the mixture. Expected mortality rates as a response to a mixture exposure were
compared to the observed mortality rates. The concentration addition model showed that at lower
concentrations the interaction between W, Co, and Ni was additive. As the toxic units of the
mixture increases, the observed mortality-line became present within the additive zone, but it is
important to note that the 95% confidence interval of the observed mortality line overlapped with
the 95% confidence interval of the expected mortality. Although it wasn’t feasible to determine
the significant difference between the observed and expected lines, because predicted mortality
data wasn’t available for each value of the observed mortality, the results suggested potential
synergistic interaction between W, Ni, and Co. This result is consistent with the observed results.
The main limitation of using this model in this study is that the mixtures used have components in
different ratios (a non-constant ratio). Although concentrations were converted to toxic units to
account for different potency, it would be better if the mixtures have a constant ratio of each metal
that causes the same effect alone (Godfrey et al., 2017). For example, if the mixture contained the
LC50 of each metal. Using a constant ratio makes the interpretation of the results more accurate,
but does not always reflect real-world exposures. Also, having a wide range of concentrations
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would develop a more representative curve for the real interaction. In the current study, there was
a big gap between the concentrations of W between 1000 ppm and 5000 ppm.
It is important to note that the concentration addition model assumes that the components of the
mixture have the same mode of action. It wasn’t confirmed in this study whether W, Co, and Ni
have the same mode of action or not, but it is reported that Co and Ni induce hypoxia by
stabilization of HIF-1α (Davidson et al., 2006, Song et al., 2008, Harris et al., 2011). WC-Co
particles were also reported to induce hypoxia (Lombaert et al., 2004). It was suggested that W
increases solubility of Co metal to form Co ions, which causes the toxic effect (Lison, et al., 1995).
The other model used in the study was the independent action model. Results of this model showed
that the interaction between the three metals was additive. The Chi-square test showed that the
observed and IA-generated mortality was significantly different, which means that the IA model
failed to match the observed mortality. This result is consistent with the observed results that
suggested synergistic interaction at high concentrations of the mixture. The main limitation of
using the IA model in this study is that the calculation of the expected mortality is based on the
mortality of each metal alone and as mentioned above, the concentration used in the mixtures
covered a wide range of concentrations, but there was a big gap between the low and high
concentrations of W, which made the data points concentrated on the borders of the curve.
In the current study, the concentration of Ni and Co are at non-observable effect concentrations
and some of mixtures had W at NOAELs, so it expected that the concentration addition model
should be more representative for the mixtures used in study. It was reported that according to the
concentration addition model, components with NOAELs can contribute to the effect of the
mixture, but the independent action assumes that only components with concentrations that are
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higher than their NOAELs can contribute to the effect of the mixture (Rodea-Palomares et al.,
2015).
4.2. Conclusions and Future Directions
In this study, effects of Co and Ni on W toxicity were determined by assessing survival rates,
locomotor assay, and morphological assessment as well as the mathematical model. There was a
synergistic effect of Co and Ni with a toxic concentration of W (5000ppm) on mortality at 120
hpf, although there was no observed interaction with 1000 ppm mixtures. There was a possible
potentiation interaction in 1000 ppmW-10 ppm Co mixture, which accelerated hatching at 60 hpf.
The 10 ppm Co treatment was responsible for hypoactivity of 120 hpf larvae. The morphological
assessment suggested that exposure to 1000 ppm W-1 ppm Co altered the larval development when
compared to control and each metal alone, suggesting possible interaction between the two metals.
The exposure to W showed non-dose response dependent morphological changes. This result
suggests the importance of toxicological assessment of W as a potential endocrine disruptor.
Although, the concentrations used in this study are relatively high compared to environmental
exposures, the results are emphasizing the importance of studying the toxicity of the mixture and
not relying on the data of the single components. Lower concentrations of W should be used in
future studies to mimic environmental exposures. There was a big gap in the concentrations of W
used in the study and future studies should include more concentrations of each metal. Also using
other mathematical models such as the isobologram model (Chou et al., 1984), which is plotting
equi-equivalence curves at multiple concentrations of different components in the mixture, could
be more representative of real environmental exposures. The isobologram model can deal with
non-constant ratios of each components of the mixture and also, doesn’t assume that the
components have the same mode of action. Also, the results showed that certain ratios of the W/Co
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mixtures caused adverse effects, which emphasize the importance of an extensive investigation of
mixtures toxicity and also the need of using the mathematical models. Further investigations are
needed to understand the mechanism of interaction of the metals in their ionic form.
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